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Abstract 
Nanotechnology has changed the way we perceive science, our world and 
consequently the built environment. Cement sustainability, is of primary 
importance and nanotechnology can offer new alternatives towards lowering 
the CO2 footprint by reducing clinker, by increasing the by-products content 
and by creating more durable formulations. This paper presents an 
optimization protocol of ternary Portland limestone nanocomposites through 
the addition of nanosilica or nanomontmorillonite (nMt) particles. Thermal 
gravimetric and X-ray diffraction analyses, confirmed the Ca(OH)2 
consumption towards the production of C–S–H. Mercury intrusion 
porosimetry ((MIP) and long term relative density measurements coupled 
with field emission scanning electron imaging (FESEM) confirmed the 
microstructural changes leading to strength enhancement. Lastly, limitations 
were determined through the extensive study of the addition of nanosilica 
particles at four different dosages (0.1, 0.5, 1.0, 1.5% addition by total mass 
of solids) or three different nMt dispersions at five different dosages (0.5, 1.0, 
2.0, 4.0 and 5.5%). Strength tests and characterization were carried out at day 
1, 7, 28, 56, 90 and 170 to assess both the short and long term effects. 
Nanosilica and inorganic nMt particles were found to be the most effective at 
lower dosages for strength, hydration and microstructural improvements. 
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1. Introduction 
There is a worldwide concern with regards to the CO2 emissions, and cement 
industry through the clinkering process is responsible for approximately 8% 
of the CO2 emitted globally. The CO2 footprint is primarily attributed to the 
decalcination of limestone, the fuel and the electricity consumed for the 
clinkering process. Cement scientists, therefore, are focusing on the 
replacement of Portland cement by other supplementary cementitious 
materials in order to reduce the CO2 footprint.  In light of this, the European 
Union has specified 27 cement formulations, based on different compositions. 
Of these, Portland limestone cements are amongst the most broadly used in 
Europe. In fact, for “CEMII/A-L” cements, i.e. for non-pozzolanic cements, 
the upper limit of limestone content ranges from 6% to 20% by total mass of 
binder, while the permissible clinker content lies within 80-95% by total mass 
of binder, as specified by the Eurocodes [1]. Similarly, USA and Canada have 
also recently standardised the use of up to 15% interground limestone in 
Portland limestone cements (codes ASTM C595-M-2015 and CSA A3001-
2010, respectively). Globally, the limestone additions range from 10% to 35% 
in national and international standards, as is reviewed in Elgalhud et al.[2].   
The worldwide effort conducted to reduce Portland cement content is 
recorded in a number of published papers on the effect of limestone addition 
on concrete properties; Elgalhud et al. [2], after reviewing 171 publications 
since 1993, suggested that although up to 25% of limestone addition does not 
impair the pore structure of concrete, strength may be affected by additions 
of limestone exceeding 15% by mass of binder. In fact, a study on the 
parameters affecting Portland limestone cements conducted by Tsivilis et al. 
[3] established that increasing the limestone content to 35% by mass of binder 
causes a significant strength loss. 
 
Similarly, Lollini et al. [4] who studied the mechanical properties and the 
resistance to chloride penetration of Portland limestone concrete specimens 
concluded that both properties deteriorated at 15% limestone replacement. A 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
further decrease was noted at 30% limestone replacement at different water-
to-binder ratios; 0.62, 0.46, 0.42 with the use of an acrylic superplasticizer.  
 
It is well established that the formation of monocarboaluminates as fillers in 
cement can make the concrete microstructures denser by reacting with C3A, 
while limestone providing nucleation sites can accelerate hydration. 
However, at higher limestone additions, the volume of hydrates decreases, 
causing a drop in compressive strength due to the dilution of clinker phases 
by limestone [5]. In addition to this, the large surface area of cement clinker 
is found to be more effective in enhancing strength than that of limestone. For 
this, the 15% threshold for limestone addition seems to gain a consensus 
amongst scientists irrespective of the fineness of the limestone powder [2,6]. 
 
Recently, studies are beginning to look into possibilities of increasing the 
limestone content beyond the 15% threshold. Amongst these possibilities 
include the use of nanotechnology, where nanoparticles are being added 
alongside limestone to PC-limestone blends. Several studies have 
investigated the effect silica nanoparticles (nano-SiO2, abbreviated as nS) and 
nano-montmorillonite (abbreviated as nMt) nanoparticles have on various 
cement formulations, containing three or four constituents [7–9]. For 
example, with respect to nS, researchers propose dosages ranging from 0.5% 
[10], to 1% [10,11] and even 10% by mass of cement [12]. With respect to 
nMt, optimum content determination is more vague as the procedure for nMt 
production can greatly affect the end product [13]. The effect of the addition 
of these nanoparticles on ternary PC-limestone cements is yet to be 
investigated in terms of the optimum dosage and modification of properties.  
Adding to this, the strength and durability of concrete is governed by the 
structure of C–S–H gel, which is the major component in the hydrating and 
hardened cement paste [14]. Nanosilica or in other words nanosized silica, 
comprises of Si atoms connected with four atoms of oxygen, creating 
tetrahedra, the basic building block. These Si atoms are unsaturated on their 
outer side, allowing for reactions with water leading to the creation of silanol 
groups (=Si–OH), governing adsorption and surface reactivity of silica [13].  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
As for the nanomontmorillonites, they are developed from montmorillonites 
(MMT) and several factors have contributed to the popularity of MMT in 
cement science:  
(i) its vast surface area 10 to 800 m2/g [15,16]. It is well known that the 
greater the available surface area for reactions, the greater the amount 
of C–S–H formed during cement hydration;  
(ii) its naturally occurrence; MMT is a relatively abundant mineral;  
(iii) its nanostructure is formed by layers of platelets, composed of a sheet 
of octahedra of Al2O6, sandwiched at the top and bottom by a sheet of 
tetrahedra of SiO2, therefore already exhibits an inherent abundance 
in Si and Al. The total thickness of this 2:1 ratio structure is 
approximated to lie in the range of 0.95 nm to 1 nm [17];  
(iv) MMT exhibits  high cation exchange capacity in the order of 80 to 
120 meq/100g [18], hence higher degree of expansion due to 
ionisation of the structure upon hydration. This separation of the 
individual layers allows for the dispersion of the platelets and the 
‘nano-effect’ – high aspect ratio, high surface area – can be realised. 
The effect the various dispersing agents have on the nanostructure of 
nMt has already been extensively investigated [19]. 
Health and safety issues must also be considered and several guides have been 
published to cover these issues [20–22]. The European Agency for Safety and 
Health at Work has also published a number of legislative documents on the 
risks related to the use of nanomaterials in the workplace; Framework 
Directive 89/391/EEC, the Chemical Agent Directive 98/24/EC and the 
Carcinogen and Mutagen Directive 2004/37/EC. As far as the cost is 
concerned, the price of amorphous nanosilica powder ranges between 1.4 to 
5 USD per kilogram, while colloidal nanosilica suspension in water costs 110 
USD for the 4-litre bottle [23]. Industrial nanomontmorillonite typically costs 
70 USD per 0.5 kg. 
In this study, the envelope was pushed further with the total limestone content 
of the reference paste being reduced to 40% by mass, while the clinker 
content of the reference paste was equal to 60% by total mass of binder, which 
accounts to an almost 30% reduction of the lower bound of clinker in Portland 
limestone cements. This very low clinker content was achieved with the use 
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of various nanoparticles; an aqueous nS dispersion, abbreviated as LnS and 
three different nMt dispersions. 
This paper presents an optimization protocol of ternary Portland limestone - 
nanosilica or nanomontmorillonite (nMt) nanocomposites. The LnS or nMt 
dispersion was added at different proportions resulting eventually, in a total 
of four LnS enhanced cementitious nanocomposite formulations and fifteen, 
nMt enhanced cementitious nanocomposite formulations. Specimens were 
prepared according to the specifications given in literature [9]. 
Characterization of selected pastes allowed for more conclusions to be drawn 
and links to be formed between nanostructural characteristics and mechanical 
performances. For the first time:  
(i) the effectiveness of the various nanoparticles was compared, including 
nanosilica and nanomontmorillonite. Further to this, this is the first study 
recording the effect of inorganic nMt in Portland-limestone formulations 
(ii) compressive strength, additional pozzolanic or hydraulic activation, C–
S–H formation, porosity and late age density were interrelated as 
performance indicators.  
(iii)limitations were determined relating to the nanoparticle dosage and 
suggestions were made for further improvements towards more 
sustainable cement formulations. 
2. Materials and Methods 
2.1 Materials 
The materials used were: 
x Portland limestone cement CEMII/A-L42.5, with a limestone content 
of 14%, conforming to EN 197-1. The Portland cement (PC) content 
86% by mass was considered separately from the limestone (LS) 
content (14% by mass), in order to be able to adjust the total limestone 
content of the composite binders. According to the supplier clinker is 
composed of: 70% C3S, 4% C2S, 9% C3A, 12% C4AF. 
x Limestone (additional), conforming to EN 197-1. The total LS content 
was assigned to each paste. 
The nanomaterials used were: 
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x Colloidal amorphous LnS in an aqueous suspension containing about 
30% by mass of LnS particles - The particle size of the LnS in the 
colloidal solution was further investigated by transmission electron 
microscopy (TEM) as described in literature [7].  TEM analysis 
showed that the diameter of the particles ranged from 8 nm to 50 nm 
and that they were homogenously dispersed. 
x Organomodified nanomontmorillonite aqueous dispersion (nC1) 
containing 15% by mass nMt solids, 5% by mass (non-ionic) fatty 
alcohol and 1% by mass defoaming agent [19,24]. 
x Organomodified nanomontmorillonite aqueous dispersion (nC2) 
containing 15% by mass nMt solids and 5 % by mass (anionic) alkyl 
aryl sulphonate [19,24]. 
x Inorganic nanomontmorillonite aqueous dispersion (nC3) containing 
15% by mass nMt solids and inorganic sodium montmorillonite 
[19,24]. 
 
2.2 Methods 
2.2.1. Mix design 
A non-pozzolanic formulation PC60LS40 was used as the reference to 
investigate whether the addition of LnS has a pozzolanic effect. In this 
reference paste, PC refers to the net amount of Portland cement and LS refers 
to the amount of total limestone content. The amount of water present in the 
LnS aqueous solution was subtracted from the total amount of water in the 
mix, in order to maintain a constant water to binder ratio (w/b) of 0.3. The PC 
content was kept constant and the content of LnS solids was deducted from 
the LS content. This was done to keep the Ca(OH)2 production during PC 
hydration comparable in all pastes, so as to detect possible pozzolanic 
reactivity of the nanoparticles (in terms of Ca(OH)2 consumption). 
Therefore, the general formula for the LnS modified pastes was: 
 
𝑃𝐶(60) + 𝐿𝑆(40 − 𝑥) + 𝐿𝑛𝑆(𝑥) Equation: -1 
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Where x = % by mass of LnS solids, ranging from 0 to 1.5%.  
The mix proportions in terms of the per cent amount of the total mass of 
binder are shown in Table 1. 
 
Table 1: LnS or nMt modified ternary formulations - Mix proportions % by 
total mass of solids 
Sample PC (%) 
LS 
(%) 
LnS 
(%solids) 
nMt 
(%solids) 
 
W/B 
PC60LS40+0%LnS 60 40.0 0.0 0.0  0.3 
PC60LS39.9+0.1%LnS 60 39.9 0.1 0.0  0.3 
PC60LS39.5+0.5%LnS 60 39.5 0.5 0.0  0.3 
PC60LS39+1.0%LnS 60 39.0 1.0 0.0  0.3 
PC60LS38.5+1.5%LnS 60 38.5 1.5 0.0  0.3 
PC60LS40+0% nMt 60 40 0.0 0.0  0.3 
PC60LS39.5+0.5% 
nMt 
60 39.5 0.0 0.5  0.3 
PC60LS39+1.0% nMt 60 39.0 0.0 1.0  0.3 
PC60LS38+2.0% nMt 60 38.0 0.0 2.0  0.3 
PC60LS36+4.0% nMt 60 36.0 0.0 4.0  0.3 
 
 
Fifteen ternary cement combinations were designed for the nMt 
nanoparticles. This comprised of Portland limestone cement, limestone, and 
either of the two organomodified nMt dispersions or the inorganic nMt 
dispersion. The non-pozzolanic paste PC60LS40, containing only PC and LS, 
was again selected as the control mix, to investigate whether the addition of 
any of the nMt dispersions has a pozzolanic effect. The content of nMt solids 
ranged from 0%, 0.5%, 1%, 2%, 4% and 5.5% by mass. The 5.5% represented 
the upper limit of nMt addition in the cement paste, as the water used in the 
nMt dispersion was considered as available to react during the hydration of 
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cement and therefore was deducted from the total amount of water to be 
added according to the w/b ratio which again was constant and equal to 0.3. 
Furthermore, PC content was kept constant and the content of nMt solids was 
deducted from the LS content for the reason mentioned above. Therefore, the 
general formula of the matrix of the ternary cement paste mixes was: 
 
𝑃𝐶(60) + 𝐿𝑆(40 − 𝑥) + 𝑛𝑀𝑡(𝑥) Equation: -2 
  
Where x = % by mass of nMt solids ranging from 0 to 5.5%. 
The mix proportions in terms of per cent content of the total mass of binder 
are also shown in Table 1. 
The mix design procedure for the non-pozzolanic reference pastes is 
described in literature [25] as well as the methodology governing the mixing 
procedure, casting, curing and demoulding [26]. The nanoparticles of silica 
have been characterized elsewhere [27] as well as the nanomontmorillonite 
dispersions [19,24].  
 
2.2.2. Characterization techniques 
Preparation of materials: For the characterization of the pastes, arrest of 
hydration was performed following two different methodologies. In brief, if 
images were to be generated and the microstructure to be evaluated via 
FESEM and MIP, solvent exchange was the technique employed for the arrest 
of hydration. The samples were crushed and immersed in isopropanol for 48 
hours. Isopropanol was selected as the most appropriate solvent according to 
Zhang and Scherer and Bye [28,29]. The samples were, then, vacuum dried 
for 24 hours. For experiments in which chemical reactions would occur or 
where the chemical composition had to be evaluated, such as TGA, XRD, the 
oven drying technique was adopted as explained in detail in Calabria-Holley 
et al. [27]. 
Compressive strength tests: Compressive strength tests were carried out on 
up to six cylindrical specimens per mix. All samples were tested at a loading 
speed of 0.5MPa/s. The value of strength was obtained from the mean of the 
specimens tested and therefore, the compressive strength results refer to mean 
compressive strength measured.  
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Thermal gravimetric analyses (TGA): Thermal gravimetric analyses 
(TGA) were carried out using a Setaram TGA92 instrument. 20 mg of each 
sample were placed in an alumina crucible and heated at a rate of 10°C/min 
from 20°C to 1000°C under 100 mL/min flow of inert nitrogen gas. Three 
different areas were distinguished; as described in literature and correspond 
to the hydrates produced and consumed [26]: 
(i) The first one is related to the dehydration of C–S–H, ettringite, 
gehlenite and monosulfate, between 100oC and 200oC. 
(ii) The second area of interest is associated with the dehydration of 
Ca(OH)2 between 440oC and 510oC. 
(iii) The third area of interest is the decomposition of CaCO3 occurring 
between 700oC and 810oC. 
X-Ray diffraction (XRD): Powder flat plate XRD measurements were 
performed using a D8 ADVANCE x-ray diffractometer with CuKα radiation 
controlled by a Dell PC. Spectra were obtained in the range 4o < 2θ < 60o. 
Analysis of peaks and d-spacing [according to Bragg’s law (nλ = 2dsinθ) 
(Ramachandran and Beaudoin, 2001)] was carried out using EVA software. 
Long-term relative density of cementitious nanocomposites: BS EN 
12390-7:2000, was selected as a basis for the long-term relative density 
measurements of the hardened pastes. The exact procedure is presented in 
literature [26]. 
Mercury Intrusion Porosimetry (MIP): The mercury intrusion porosimeter 
used was an Autopore III - Model unit 9420 supplied by Micromeritics, 
Hexton, Herts, UK. Stems of 3 ml capacity were filled with the vacuum dried 
solids of the arrested hydration paste and low pressure analysis was carried 
out.  
Field emission electron microscopy (FESEM): Secondary electron imaging 
of the pastes was generated using a field emission electron microscope 
(FESEM) Jeol JSM 6301F at 2.4 kV, spot size of 7 and working distance of 
16 mm. The specimens were sputter coated with a layer of chromium 5 nm 
thick using Quorum Q 150T. FESEM allowed capturing images at low 
voltage and high analysis, and indeed was the only microscope with the help 
of which the nMt were distinguished. 
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2.2.3. Mathematical elaboration 
Correlating hydration characteristics with mechanical strength 
performance in cementitious nanocomposites: The high correlation 
between the consumption of calcium hydroxide towards the formation of 
hydration products (microscale characteristics) and the delivered 
compressive strengths (macroscale performance) of the nanosilica modified 
pastes with respect to time has been already explored in polycarboxylate 
nanosilica cementitious nanocomposites [26]. This ratio is further validated 
by the ternary formulations presented in this paper. 
 
3. Results and discussion 
3.1 Compressive strength of cementitious nanocomposites  
3.1.1. Nanosilica (LnS) addition 
One of the reasons for which cement pastes with higher nS contents were 
designed, was to maximize homogeneity within the pastes. This was expected 
to minimise the standard deviation (stdv) of compressive strength. The stdv 
was more significant for the two extreme LnS contents (in the order of 6.6 
MPa) and lower for the 0.1% LnS content (approximately 4.9 MPa). The 
values of stdv are not shown in Figure 1 for reasons of clarity, but are included 
in Table 2. 
 
Table 2: Standard deviation of compressive strength results of all 
formulations at different ages 
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Figure 1A shows the effect of LnS on compressive strength for all pastes as 
measured between day 1 and day 170. According to published research 
discussed in the introduction section, the compressive strength of Portland 
limestone cements is inversely related to the LS content. Therefore, the more 
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the LS the less strong the cement paste at all ages [30]. The addition of LnS 
led to an improvement in compressive strength in all cases when compared 
to the reference paste PC60LS40. This confirmed that LnS contributed to the 
early strength gain, with the higher content (PC60LS38.5+1.5% LnS) paste 
having the highest compressive strength gain at early ages, but the lower 
strength gain over 56 days of age. The 0.1% LnS pastes exhibited the largest 
overall gain in compressive strength, which could be attributed to reduced 
LnS particle friction during mixing at lower nS contents. 
 
Figure 1. Compressive strength of A. LnS [31], B. nC1, C. nC2 [9] and D. 
nC3 modified cement pastes.  
 
As shown in Figure 2, the increase in LnS content lead to difficulty in 
compaction and visible porosity, possibly due to increased particle friction 
since no superplasticizer was added. Decreased density is, therefore, expected 
for the highest LnS contents which could possibly cause a reduction in 
compressive strength. 
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Figure 2. Uncrushed samples showing porosity due to compaction difficulty 
with increasing LnS content 
Porosity is even more visibly detectable in the crushed specimens as well 
(Figure 3). 
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Figure 3. Pictures of visual porosity in crushed specimens modified with LnS 
 
As discussed in the introduction, in past research on PC-limestone cement 
and concrete formulations different water-to-binder ratios have been 
investigated at different limestone contents [6,32–35]. The table below offers 
an overview of the characteristics that affected the performance of these 
combinations and a comparison between the current research results and the 
results presented in literature with respect to the highest limestone content 
combinations. It should be noted that past research on cement pastes was 
limited to the first 28 days of curing. 
Figure 4 offers a comparison between the compressive strength results 
presented in literature and the improvement that can be attained with the use 
of nS at 0.5% by mass of binder.  
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Table 3: Overview of formulation characteristics and compressive strength 
results presented in literature and in the current research 
 
 
 
Figure 4. Comparison of compressive strength results in current research and 
in literature 
 
0
10
20
30
40
50
60
70
0 20 40 60 80 100 120 140 160 180 200
Co
m
pr
es
si
ve
 S
tr
en
gt
h 
(M
Pa
)
Time (Days)
Tsivilis et al (2002) [6]
Moon et al (2017) [32]
Ramezanianpour et al (2009) [33]
Meddah et al (2014) [34]
Marzouki et al (2013) [35]
Current research ref paste
Current research nS paste
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
3.1.2 Nanomontmorillonite (nMt) addition 
The standard deviation was computed for all specimens but was not presented 
in the graphs for reasons of clarity. All standard deviation results are 
presented separately in Table 2. The standard deviation of the reference paste 
was 8 MPa. For nC1 it was approximately equal to 3 MPa, for nC2 it reached 
3.3 MPa, whereas for nC3 it was about 4.1 MPa. Therefore, the addition of 
nMt seemed to have improved the standard deviation of compressive strength 
of the reference paste. This is an indication of the better packing that 
nanomontmorillonite dispersions can offer within Portland limestone cement 
pastes [13,19], still, however, the addition of nMt did not offer strength 
improvements. A reason for this relates to the necessity of the use of 
superplasticizers; As observed in Figure 5, similarly to the highest dosage of 
LnS, the highest dosages of nMt rendered the mix very stiff and difficult to 
compact. Superplasticizers would have counteracted this effect; however, 
they were avoided in order to limit chemical effects from them. 
 
Figure 5. Samples showing porosity due to compaction difficulty with 
increasing nMt content 
A. 0.5%-5.5% nC3  B. 0.5%-5.5% nC1  C. 0.5%-5.5% nC2 
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The compressive strength results are included in Figure 1B, C, D. All three 
different nMt dispersions seemed to be offering marginal improvements in 
compressive strength and only at the lower substitutions, i.e. for nMt solids 
summing up to 1% by total mass of solids as suggested in earlier studies of 
binary (Portland cement and organomodified nMT, i.e. not containing 
limestone) [36]. The performance was less favourable with the advancement 
of time. By investigating the limits, it was confirmed that high contents of 
nMt particles, which since in aqueous dispersions, limit the amount of extra 
water added to the binder, are less favourable to the pastes. At the same time, 
it can be suggested that 1% of solids is the upper limit for the organomodified 
nMt with no superplasticizer added, whereas the inorganic nMt could 
probably be added at slightly greater amounts. 
 
The compressive strength results were in agreement with the nanostructural 
characterization of the dispersions, presented elsewhere [19]. The overall 
decrease in compressive strength of the nMt nanomodified pastes, as 
compared with the reference paste can be attributed to the following factors: 
(i) nC1 was identified as the weakest dispersion, with particles 
conglomerating. Evidently, this led to the creation of lumps of 
nanomontmorillonite within the paste, acting as weak links and 
reducing the potentials of variable particle size distribution. Aside 
from that, nC1 was intercalated, rather than exfoliated, therefore less 
active as a nanomaterial. 
(ii) nC2, which was partly exfoliated with some intercalated platelets, 
showed less re-agglomeration, better abilities for nanostructural 
packing and was expected to engage in less brittle behaviour. 
However, these characteristics were still not enough to improve the 
compressive strength performance of the nC2 modified pastes beyond 
the control paste. 
(iii) nC3, was better exfoliated and more thermally stable [19], however, 
very viscous. Hence, the pastes produced at this low w/b ratio were 
very stiff and this has caused compaction problems (as seen in Figure 
5).  
(iv) Visual inspection of the crushed specimens (Figure 6), revealed an 
increase in visual pores for the higher concentrations of nMt, possibly 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
creating inconsistences within the mass of the nMt modified pastes. 
Hence, the microstructure of the modified pastes with high nMt 
content is expected to be more porous. 
(v) nC2 and nC3 dispersions were difficult to mix due to their high 
viscosity, therefore they may have not been homogeneously blended 
in the hydrating cement paste. 
(vi) More mixing time could be prescribed, although the 
mechanoactivation of the paste could precipitate some water 
evaporation that could be critical in such pastes. 
It is the author’s perception that for such low w/b ratio it is possible that the 
nMt modified cement pastes would perform better and could exploit their 
potentials with the addition of superplasticizers. This is primarily because it 
would decrease the thixotropy of the paste permitting: (i) mixing for longer 
time, (ii) better dispersion of the nanoparticles within the paste, (iii) better 
compaction, therefore, greater homogeneousness of the paste and (iv) better 
particle interaction, limiting air voids. 
 
Figure 6. Pictures of visual porosity in crushed specimens modified with 
nC1/nC2/nC3 
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3.2. Thermal gravimetric and crystallographic analyses of cementitious 
nanocomposites  
3.2.1. Nanosilica (LnS) addition 
TGA results can give a clear indication of the amount of Ca(OH)2 consumed 
towards the production of C–S–H [14,25,26,37,38]. In fact Collier and 
Lawrence et al. [37,39] have postulated that an increase in the mass loss 
between 100 and 180°C indicates greater C–S–H and ettringite production 
whereas the mass loss between 440 and 510°C represents the Ca(OH)2 
consumed. TGA results presented in Figure 7, are showing the first 
temperature range, indicating that the amount of C–S–H present in all LnS 
enhanced pastes was greater than that in PC60LS40. Hence, it became clear 
that nS must react with and consume Ca(OH)2 at early ages, including the 
first 24 hours (Figure 7A), to produce additional C–S–H in these pastes. 
With respect to the Ca(OH)2 content (Table 4), for PC60LS40, containing 
only PC and LS, there was an increase in Ca(OH)2 up to approximately 28 
days beyond which it remained constant until day 56, before reducing slightly 
at day 90 and 170. Interestingly, the Ca(OH)2 at 1 day was equal to 7.9% by 
mass, and equated to 75% of all Ca(OH)2 produced by the 56-day old paste. 
Given that the curing conditions did not permit carbonation (no significant 
increase in calcium carbonate content was observed [25] a fact also confirmed 
by the XRD as shown in Figure 8. Therefore, it can be argued that for this 
particular PC, the production of Ca(OH)2 resulting from hydration of alite 
and belite components of the Portland cement took place rapidly and 
essentially was completed in the first 28 days, as there was no significant 
Ca(OH)2 formation after this time. It is worth noting that, Ca(OH)2 
consumption amongst the pastes containing over 0.5% LnS was practically 
the same at day 28, providing further evidence that greater than 0.5% LnS 
addition will not be able to react in such pastes. Furthermore, consumption of 
Ca(OH)2 was practically stabilized by 28 days for the 1% LnS addition and 
by day 56 for the 1.5% LnS addition, providing a first indication of a limit 
reached. On the contrary, both of the lower LnS additions, the 0.1% and the 
0.5%, exhibited a further 33% consumption of Ca(OH)2 at day 170, relative 
to day 90. Overall, when LnS was present in the paste, the amount of Ca(OH)2 
at each age was lower than that of the reference mix (PC60LS40) and the 
reduction in the Ca(OH)2 content is prominent up to day 28. Given that in 
PC60LS40 there was no significant Ca(OH)2 formation after 28 days, then it 
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is reasonable to assume that the colloidal LnS has been converted to C–S–H 
and that there was no further pozzolanic activity after 28 days for the higher 
LnS content pastes. The rapid consumption of small proportions of nS has 
been observed by a number of authors [40,41] and is unsurprising given the 
high Ca(OH)2/LnS ratio and the high surface area of SiO2 available for 
reactions.  
 
Figure 7. Difference in C–S–H production LnS-enhanced pastes at A. Day 1, 
B. Day 7, C. Day 28, D. Day 90 and E. Day 170. 
 
Table 4. Ca(OH)2 content of LnS modified cementitious nanocomposites 
based on PC60LS40   
Time (days) 1 7 28 56 90 170 
Ref-60/40 
(60PC/40LS) 
7.9 9.1 10.3 10.6 9.0 8.8 
PC60LS39.9+0.1LnS 7.8 9.0 10.1 10.2 9.0 8.0 
PC60LS39.5+0.5nS 7.2 8.6 8.8 9.0 9.0 7.0 
PC60LS39+1.0nS 6.2 6.6 8.7 9.0 9.0 8.8 
PC60LS38.5+1.5nS 6.4 7.9 8.6 7.7 8.0 8.0 
 
The chemical effect reported due to the presence of high contents of LS in the 
reference paste, which is the formation of hemicarbonate with a diffraction 
peak at 10.8°2θ or calcium monocarbonate hydrate with a diffraction peak at 
11.7°2θ [30,42] was not seen in the XRD patterns shown in Figure 8. 
However, the consumption of Ca(OH)2 for the production of C–S–H (hump 
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marked within red circle) was observed by the XRD as well, although more 
evident after day 7. Lastly, the immediate reactivity of LnS was also shown 
in Figure 8, in which the formation of additional C–S–H can be observed at 
day 1, when the reference paste had no C–S–H to show. The diffracted peak 
at 9.1°2θ corresponded to ettringite [43]. 
 
 
Figure 8. XRD patterns of LnS-enhanced pastes at A. Day 1, B. Day 7, C. 
Day 28 and D. Day 90. 
 
3.2.2. Nanomontmorillonite (nMt) addition 
The thermal analyses and crystallographic investigations carried out, showed 
potential of pozzolanic activity for the three dispersions in their own right 
(Figure 9). Although, within the cement paste, these analyses are 
complicated, in Figure 10, the Ca(OH)2 content and the CaCO3 content of 
selected pastes are shown at different ages. It should be noted that the amount 
of decomposition of the modifier and nMt were deducted from the mass loss 
occurring at the 400-500°C temperature band and the amount of decomposing 
nMt was deducted from the mass loss occurring at the 600-800°C temperature 
band according to the analyses carried out [19]. It can be maintained that no 
carbonation has taken place since the lines representing the nanomodified 
pastes are close and below that of the reference paste (Figure 10B) for most 
nMt concentrations and ages.  
The quantitative analysis is limited by the fact that at 400-500°C the 
decomposition of both, Ca(OH)2 and modifier, takes place. Therefore, a gas 
detector on the TG analyser or differential scanning calorimeter would have 
assisted with the identification of the exact phases decomposing within the 
specific temperature ranges and therefore the exact mass losses would have 
been computed. For this reason, further analysis was carried out with respect 
to the temperature range within which ettringite and C–S–H decompose, i.e. 
A. B. C. D.
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at approximately 100-130°C for the former and at approximately 125-180°C 
for the latter. At the same time, it is acknowledged that calcium aluminate 
hydrates also decompose before 400°C. This comparison is more direct since 
the percentage of the mass loss of the modifier within this temperature was 
2.63% for nC1 and 1.8% for nC2, nC3 lost 5% of adsorbed water in the same 
temperature range according to the thermal analyses of the vacuum dried 
dispersions [44]. That is to say, approximately 2% of the solids content (1% 
to 5.5%) decomposed between 100-180°C. Therefore, the contribution of the 
mass loss of the modifier can be neglected compared to the mass loss due to 
the dehydration of ettringite and C–S–H (Minimum contribution of nC to the 
mass loss between 100-180°C = 1% x 2% = 0.0002 i.e. insignificant).  
At Day 1 (Figure 9A), the reference paste contained significant amounts of 
water which were lost shortly after the 100-125°C temperature range. This 
excess of water, however, could be captured within the galleries of the nMt 
and for this reason the mass loss is almost twice that of the reference paste. It 
should be noted, though that this extra mass loss could be also attributed to 
the decomposition of the surfactants, however, due to their limited quantity 
(only 5% by mass of the total quantity of nC) the first hypothesis is more 
realistic.  The results at Day 1 are shown for completion rather than further 
commenting. It can be seen that in the first 28 days nC2 seemed to have 
produced more ettringite and C–S–H than the reference paste. Figure 9 shows 
that by the first 3 months nC3 was the most active, and the greater the amount 
of nC3, the greater the production of ettringite and C–S–H and nC2 followed 
at marginally lower mass losses.  Figure 9D shows the effect of the 
nC1/nC2/nC3 at almost half a year since the production of the pastes. It is 
apparent that the mass losses attributed to ettringite and C–S–H have 
increased significantly, reaching the highest values amongst the different ages 
of the pastes. nC3 has a more pronounced activity, which can be explained by 
the fact that it was better dispersed and less re-agglomerating, therefore the 
available surface area should be greater than that of the organomodified 
samples. In general, the TG analyses of the nC1, nC2 or nC3 modified 
Portland limestone cement pastes (i) confirmed that nC3 could show greater 
pozzolanic activity and that given the time, nC2 can also engage in pozzolanic 
reactions. 
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Figure 9. Difference in C–S–H production in nC1/nC2/nC3-enhanced pastes 
at A. Day 1, B. Day 28, C. Day 90 and D. Day 170. 
 
Figure 10. A. Ca(OH)2 and B. Ca(CO)3 content of nC1/nC2/nC3-enhanced 
cementitious nanocomposites. 
 
Consequently, XRD patterns were developed for nC1, nC2 and nC3 at day 1, 
28 and 90 to confirm these findings. As shown in Figure 11 there is a 
significant reduction in the relative intensity of the Ca(OH)2 peak for all nMt 
at all ages with respect to the reference paste, contributing to the hypothesis 
of pozzolanic reactivity of the nMt, in agreement with other studies [45]. The 
only exception was nC1, whose diffracted peak intensity corresponding to 
Ca(OH)2 showed an increase at later ages. Moreover, a significant reduction 
in the relative intensity of the CaCO3 peak can also be noticed, implying that 
the samples have, indeed, not carbonated. 
 
 
Figure 11. XRD patterns of nC1/nC2/nC3-enhanced pastes at A. Day 1, B. 
Day 28 and C. Day 90. 
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3.3 Correlating hydration characteristics with mechanical strength 
performance in nanomodified cementitious nanocomposites 
The high correlation between the hydration products (microscale 
characteristics) and the delivered compressive strengths (macroscale 
performance) of the nS modified pastes has been proven before [26]. This 
ratio comprises of the compressive strength of the pastes versus the Ca(OH)2 
content, as detected by the TGA. As illustrated in Figure 12 the higher the 
ratio, the more the related paste outperformed the reference paste. It should 
be noted that the ratio is particularly sensitive to the homogeneity of the 
pastes and therefore to micropores and other inconsistences. As an effect, it 
will only be applied to the LnS (and not nC1/nC2/nC3) cementitious 
nanocomposites, which were homogeneously dispersed. This elaboration 
provided a distinct connection between the mechanical performance of the 
nMt modified pastes and the hydration products formed in these ternary 
formulations. 
 
Figure 12. Relating microscale characteristics to macroscale performance of LnS 
modified cementitious nanocomposites based on PC60LS40 
3.4. Microstructural characterization of cementitious nanocomposites  
3.4.1. Nanosilica (LnS) addition 
The microstructure of PC60LS40, PC60LS39.5+0.5%LnS and 
PC60LS39+1.0%LnS was investigated by field emission scanning electron 
microscopy at day 28 and 90, which according to the compressive strength 
analyses (Figure 2) and to the thermal gravimetric analyses (Figure 7) seemed 
to be the most critical. More micrographs are presented in the Appendix for 
completion (Appendix Figure 1 and 2). 
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At day 28 both the PC60LS39.5+0.5%LnS sample (Figure 13A2) and the 
PC60LS39+1.0%LnS sample (Figure 13A3) exhibited patches of what may 
be considered denser C–S–H areas compared to the reference paste 
PC60LS40 (Figure 13A1). Portlandite (P) in the reference paste PC60LS40 
(Figure 13A1) is visible in many sites, whereas in the LnS modified pastes 
fibrillar and honey-comb like C–S–H patches are covering the hydrating 
cement grains and the Portlandite present in the formulation. At day 90, the 
intertwined honey comb-like and needle-like hydration products have totally 
covered the Ca(OH)2 crystals in all pastes (Figure 13B1-3). Furthermore, all 
voids seem to have been filled by the hydration products and the paste 
densified even further. 
At both day 28 and 90, it is interesting to note, that the morphology observed 
in PC60LS4060, resembles more PC60LS39.5+0.5%LnS than 
PC60LS39+1.0%LnS. In the former, the structure is similar to PC60LS40 in 
terms of visible porosity and amount of Portlandite -Ca(OH)2 crystals, 
whereas in the latter, the paste looked denser with less Ca(OH)2 crystals 
present. This indicates that the LnS optimum concentration is approximately 
0.5% by total mass of solids, consuming more Ca(OH)2 to form additional 
C–S–H, an observation correlating well with the formerly presented TGA and 
compressive strength results. Overall, the LnS enhanced pastes demonstrated 
a visibly less porous paste.  
 
3.4.2. Nanomontmorillonite (nMt) addition 
Field emission SEM imaging was also performed on PC60LS39+1%nC1 
(Figure 14A1), PC60LS39+1%nC2 (Figure 14A2) and PC60LS39+1%nC3 
(Figure 14A3) at day 28 and 90 at 10,000 times magnification.  The 
examination of the microstructure revealed the presence of C–S–H in a nest-
like honeycomb morphology, Ca(OH)2 plate crystals (marked by the letter P) 
and ettringite needle shaped crystals. It is evident that the paste became 
significantly denser and more homogenized with age with the polygonal 
crystals being covered with C–S–H lamellae. Age advancement showed lack 
of coherence, as suspected by the compressive strength tests on that age. nC2 
was the more representative hydrophobic nMt dispersion and nC3 the 
hydrophilic nMt dispersion. As discussed by He and Shi [46] and more 
recently by Hosseini et al. [47] the high microstructural regularity captured 
especially by low magnifications especially for nC3 modified pastes is 
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attributed to the presence of the exfoliated nanomontmorillonite. nC3 
modified pastes seemed to have developed the densest morphology, while 
consuming the Ca(OH)2 crystals. More micrographs are presented in the 
Appendix for completion (Appendix Figure 1 and 3). 
nC2 modified pastes showed a slightly denser paste with greater coherence at 
day 90 and consumption of Ca(OH)2 crystals. Adding to this, the morphology 
of the nC2 modified pastes bear close resemblance to the morphologies 
delivered with the addition of nano-Al2O3 as shown in the micrographs 
produced by Hosseini et al. [47]. The reason behind this could be that because 
nC2 had the highest Si/Al ratio and also the highest Si and Al content [19], 
the nMt platelets possibly produced greater volume of calcium aluminate 
hydrates (C–A–H) than of C–S–H.  
 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 
Figure 13. FESEM image of A1. reference paste (PC60LS40) at 28D and B1 at 
90D, A2. PC60LS39.5+ 0.5%LnS at 28D and B2 at 90D, A3. PC60LS39+ 
1.0%LnS at 28D and B3 at 90D 
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Figure 11. FESEM image of A1. PC60LS39+ 1.0%nC1 at 28D and B1 at 90D, A2. 
PC60LS39+ 1.0%nC2 at 28D and B2 at 90D, A3. PC60LS39+ 1.0%nC3 at 28D 
and B3 at 90D (P=portlandite) 
 
3.5. Late age relative density and pore structure of cementitious 
nanocomposites  
Knowing that the theoretical density of PC is 3250 kg/m3, that of LS is 2800 
kg/m3 and of water 1000 kg/m3 the theoretical density for 60% PC and 40% 
LS at w/b = 0.3 was found to be equal to 2072 kg/m3. Therefore, judging by 
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the late age (after month 6) relative density measured (Figure 15A) the 
reference paste did not seem to contain significant pores. As also discussed 
with regards to the micrographs the 1.0% LnS modified paste, which seemed 
to provide denser morphology, also provided the highest relative density, 
surpassing the reference paste. The next best performance was given by the 
lower percentage of replacement, bringing together all the analyses presented 
above. The visual pores observed after the compressive strength tests for the 
highest LnS content were further justified by Figure 15A. In essence, due to 
the standard deviation, theoretically, all samples could have the same relative 
density if the compaction could be optimized. For this, it is the authors’ 
opinion that superplasticizers should be used when higher LnS contents are 
considered. 
Late age density measurements were taken for the nC1/nC2/nC3 modified 
pastes and discussed elsewhere [48]. Particularly for nC3, which performed 
best, the measured densities were similar to that of the reference paste for the 
0.5% and 1% nC3 addition (Figure 15B). All measurements showed a very 
low standard deviation, however, again the use of superplasticizers could 
have reduced the porosity, increasing the density. 
 
Figure 15. Relative density of LnS  or nC3 [48] enhanced cementitious 
nanocomposites 
The accuracy of the MIP has been questioned [49,50] with experimental 
results suggesting that the MIP, instead of “measuring the size of the pore, is 
measuring the diameter of the throats, referred as the ink bottle effect”. 
Nonetheless, due to the laboratory equipment limitations, eventually, MIP 
results were not used as standalone results, but as a means of comparisons 
with respect to the effect that the three nMt dispersions had on (i) the total 
pore area (Figure 16A), (ii) apparent density (Figure 16B) and (iii) bulk 
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density (Figure 16C), compared with the reference paste. Hence, although 
there is significant inherent variability in the samples and the method itself is 
being challenged, the mere comparison of results can still provide valid 
scientific evidences. This is the reason why the MIP results were in good 
agreement with all other results presented in this paper.  
To begin with, nC1 increased the total pore area and porosity [48], in contrast 
to some other reported results suggesting that organomodified nMt act as 
nanofillers, reducing the total pore volume [36]. Moreover, nC1, was the only 
dispersion that caused an increase in total pore area from day 1 to day 90, as 
also confirmed by the voids observed by FESEM. This could explain the 
lower than the reference paste’s compressive strength of the nC1 modified 
formulations. Both the apparent and bulk density at later ages tend to be the 
same for the three nMt dispersions and approaching the reference paste. It is 
interesting to note that the total pore area at day 28 is almost the same for the 
reference paste and for the nC2 and nC3 modified pastes, however, with the 
advancement of time, nC2 seems to have decreased the total pore area. It 
could be assumed that given the time the pozzolanic reaction advanced 
densifying the microstructure of the paste, possibly through the production of 
additional ettringite and C–S–H and/or C–A–H, in agreement with the TG 
analyses.  
 
Figure 16. Effect of nMt dispersion on (A) the total pore area, (B)  the apparent 
density and (C) the bulk density of cement pastes 
4. Conclusions 
Based on the results shown in this study, it appears reasonable to assume that 
the LnS used performed as a pozzolanic material that consumed Ca(OH)2, 
and that the additional products resulting from this pozzolanic activity, most 
probably C–S–H, gave rise to improvements in early age strength. 
Furthermore, these strength improvements were maintained at later ages, for 
the lower (0.1% and 0.5%) LnS content pastes. Consequently, LnS does not 
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act simply as an accelerator of reactions but plays a role in the development 
of an enhanced microstructure. There has been much discussion in the 
literature on the role of LnS as providing a nucleation point for C–S–H 
reactions. Given the research reported in this paper and the significant 
pozzolanic activity observed, it has not been possible to distinguish between 
the two mechanisms (nucleation sites and pozzolanic activity) in the early 
ages. It is very likely that the two mechanisms have taken place at the same 
time.  
Judging by the TGA and compressive strength results, it can be assumed that 
a maximum LnS content has been achieved, particularly with respect to later 
age performance. It seems reasonable to suggest that LnS additions of less 
than 0.5% by mass of solids can improve early and late age compressive 
strength of cement pastes. 
Clearly more research is required, but these results potentially provide 
support to the argument that early-age pozzolanic reactions between LnS and 
Ca(OH)2 may inhibit pozzolanic reactions involving higher amount of LnS. 
The reason for this is that nS reacts instantly with Ca(OH)2 produced by 
cement hydration, forming dense C-S-H. These dense C–S–H areas are 
formed around unreacted cement particles and Ca(OH)2 particles, acting as 
ion penetration barriers, impeding homogeneous hydration of the cement 
paste and consequently further production of Ca(OH)2. As an effect, only a 
proportion of Ca(OH)2 is available to the pozzolanic reaction, and 
furthermore, the amount of Ca(OH)2 produced could reduce as nS content 
increases. 
As far as the addition of nMt dispersions is concerned, the results provided a 
justification for the lower compressive strength attained with the addition of 
nC1/nC2/nC3 dispersions. The potentials of these nMt dispersions with 
respect to pozzolanic behaviour and particle packing abilities as expressed in 
terms of Ca(OH)2 consumption, ettringite and C–S–H production, density and 
porosity were also discussed. Although past research suggests that 
nanomontmorillonite exhibits limited pozzolanic activity and need to be 
calcined when nanomontmorillonite is intercalated or exfoliated it was 
proven that it can, indeed, act as a pozzolanic addition in cementitious 
nanocomposites, pushing the envelope of cement science further by 
suggesting a new range of nanoparticles to be broadly investigated for 
tailored uses.  
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The following improvements should be considered in future research with 
nano-Montmorillonites: 
a) the addition of superplasticizers 
b) the use of nano-fluidic droplets for the better dispersion of the 
nanoparticles within the paste 
c) different compaction methods aiming at greater homogeneity and limited 
air voids and  
d) various curing methods 
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Appendix A. 
 
Appendix Figure 1. PC60LS40 at 28D at 28D and at 90D at different 
magnifications 
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Appendix Figure 2. PC60LS39.5+ 0.5%LnS at 28D and PC60LS39+ 1.0%LnS at 
28D and at 90D at different magnifications 
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Appendix Figure 3. PC60LS39+ 1%nC1/nC2/nC3 at 28D and at 90D at different 
magnifications 
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